The optimum conditions necessary for preparing a bleaching earth (BE) with maximum bleaching power (BP) towards soybean oil (SO) and cottonseed oil (CSO) were investigated. BEs were obtained by H 2 SO 4 activation of a white calcium bentonite (CaB) sample from the Kütahya region of Turkey. After drying for 4 h at 105 °C, the CaB samples were activated by heating their acidic aqueous suspensions for 6 h at 97 °C, the acid content of the dry bentonite/acid mixture being varied in the 0-70% mass range. The respective specific surface area (S) and specific nanopore volume (V) of the BEs were determined from nitrogen adsorption/desorption data obtained at −196 °C. For natural CaB, the values of S and V were 44 m 2 /g and 0.11 cm 3 /g, respectively. These values attained a maximum of 135 m 2 /g and 0.30 cm 3 /g for the BE sample prepared employing 40% H 2 SO 4 for acid activation. Interestingly, the maximum BP was not associated with the maximum S and V values. The optimum values for the percentage H 2 SO 4 , S and V for attaining the maximum BP were 20%, 100 m 2 /g and 0.17 cm 3 /g, respectively.
INTRODUCTION
Crude vegetable oils of cottonseed, rope seed, mustard seed, soybean, sunflower, safflower, corn, sesame, olive, palm, peanut, coconut, etc., obtained by solvent extraction or compression, are processed chemically or physically to render them to be more attractive in appearance and more palatable (Mounts 1981) . The conventional chemical technique includes water or acid degumming, caustic refining, bleaching, deodorization and winterization.
Besides colour pigments, other impurities such as soap, sulphur, phosphates, trace metals and oxidation products are also removed from the alkali-refined oils by bleaching (Siddiqui 1968; Falaras et al. 1999) . The organic colouring pigments in edible vegetable oils are primarily carotenoids, chlorophyll, sterols, gossypol, xanthophylls, lycopene, pheophitin and tocoferols (Siddiqui 1968) . In addition to some natural clay minerals such as attapulgite and sepiolite, acidactivated calcium bentonites are commonly used as adsorbents in the decolourization process of edible oils. This process is known as bleaching. Bleaching can be conducted by atmospheric batch-treatment, vacuum batch-treatment and vacuum continuous treatment (Griffiths 1990; Morgan et al. 1985; Zschau 2001) . Vegetable oil bleaching is based on physical adsorption, chemical adsorption, ion exchange and chemical decomposition of the pigments and other impurities on the BE surface (Kheok and Lim 1982; Srassa et al. 1989; Boki et al. 1992a,b; Gonzáles Paradas et al. 1993; Kumar et al. 1995) . Besides physicochemical molecule-surface interactions, bleaching power (BP) depends on the various properties of the BE such as surface area, nanoporosity, nanopore size, surface acidity and catalytic power (Vicente-Rodriquez et al. 1996; Breen et al. 1997a,b; Christidis et al. 1997; Falaras et al. 2000) .
The BP of an acid-activated bentonite towards alkali-refined oils is generally determined on the basis of the adsorption properties of carotenoids and chlorophyll (Khoo et al. 1979; Liew et al. 1982; Sarıer and Güler 1988, 1989; Mokaya et al. 1994; González Paradas et al. 1994) . The most important carotenoid is β-carotene. Chlorophyll is hydrophilic while β-carotene is hydrophobic. Accordingly, chlorophyll is adsorbed more strongly than β-carotene on almost all the materials commonly used for bleaching (Taylor et al. 1989) . Both chlorophyll and β-carotene are highly unsaturated organic molecules and each has 11 double bonds, i.e. 22 π-electrons (Siddiqui 1968). Experiments indicate that both molecules are adsorbed onto the BE surface through the formation of coordinate bonds between the electron pairs of the molecules and Lewis acid sites (Khoo et al. 1979; Mokaya et al. 1993) . In addition to such bonding, the hydrophilic nature of the chlorophyll molecules leads to purely physical adsorption onto the hydrophilic surface of the BE. The catalytic effect of the BE causes lengthy chemisorbed β-carotene molecules to immediately decompose to form shorter molecules (Brimberg 1982) . Such decomposition is indicated by the colour change of the BE from white to grey-blue. For this reason, bleaching power is more conveniently measured by the adsorption of chlorophyll rather than β-carotene. The adsorption mechanism has been discussed in terms of both the Langmuir and Freundlich isotherms (Mokaya et al. 1994; Tsai et al. 2004; Huang and Zhu 2011) . A firstorder reaction rate model has been used to investigate the kinetics of bleaching (Topallar 1998; de Oliveria and Porto 2005) .
The adsorption capacity, porosity, nanopore size, surface area, surface acidity, bleaching power and catalytic effect of a bentonite are all changed by acid activation. The properties of the acid-treated materials depend on the acid content, temperature and contact time employed in the process (Falaras et al. 1999 (Falaras et al. , 2000 Taylor et al. 1989; Noyan et al. 2007 ). Experimental data have not indicated any significant correlation between the BP of a material and its surface acidity, surface area and nanopore volume (Morgan et al. 1985; Liew et al. 1982; Taylor et al. 1989) . The expectation that the BP must be related to at least one property of the BE suggests the need to examine other parameters. Recently, it was observed experimentally that this parameter could be the nanopore size of the bleaching agent (Noyan et al. 2007; Huang et al. 2007) . For this reason, the aim of the present study was to determine the surface area, nanopore volume and mean nanopore size of acid-treated BE samples and to correlate these parameters with the maximum BP.
MATERIALS AND METHODS

Materials
The primary material used in this study was a white-coloured calcium bentonite (CaB) sample acquired from the Kütahya region of Turkey. The influences of sodium carbonate, heat and acid treatments on some of the physicochemical properties of this bentonite were investigated in our previous studies (Sarıkaya et al. 2000; Önal 2007; Önal and Sarıkaya 2007a,b) . The chemical composition of the bentonite dried at 105 °C for 4 h was (mass%): SiO 2 , 72.08; Al 2 O 3 , 14.77; Fe 2 O 3 , 0.80; TiO 2 , 0.08; MgO, 1.63; CaO, 2.15; Na 2 O, 0.43; K 2 O, 1.05; and loss on ignition (LOI), 6.71. The mineralogy of the CaB was found to consist of calcium montmorillonite (CaM), opal-CT (OCT) and illite (I), with mass percentages of 65, 30 and 5, respectively (Sarıkaya et al. 2000) . The particle size distribution of the bentonite was not affected to any great extent by acid activation (Önal and Sarıkaya 2007b). Alkali-refined soybean oil (SO) and cottonseed oil (CSO) used for bleaching were acquired from a vegetable oil plant and used as received (Marsa, Istanbul, Turkey). Analytically pure H 2 SO 4 and other chemicals were supplied by the Merck Chemical Company.
Acid activation
The CaB was dried at 105 °C for 4 h and 20 g samples of the dried CaB were taken for each batch experiment. These samples were treated with H 2 SO 4 using the wet chemical method. Thus, each sample was mixed with 400 m of a H 2 SO 4 solution and the suspension obtained was heated at 97 °C for 6 h in a shaking water bath. The H 2 SO 4 content in the series of dry CaB-acid mixtures was changed over the range 0-70 mass%. After such acid treatment, the resulting suspensions were filtered under vacuum and the precipitates obtained washed with distilled water until free from SO 4 2− ions as determined by testing with a BaCl 2 solution. The acid-treated samples were dried at 105 °C for 4 h and stored in tightly closed plastic bottles.
Nitrogen adsorption/desorption studies
The adsorption/desorption of N 2 at −196 °C for each acid-activated sample was examined employing a volumetric adsorption set-up constructed of Pyrex glass connected to high vacuum system (Sarıkaya and Aybar 1978) . Before such measurements, each sample was outgassed at 105 °C for 4 h under a residual pressure of 10 -5 mmHg. Gas adsorption manometric techniques were used to determine the amounts of N 2 gas adsorbed (Rouquerol et al. 1999; Sing 2001) . Three replicate measurements were performed for each sample. Based on our 30-year experience with this measuring device, the relative errors in the measurements of the specific surface areas and specific nanopore volumes were assumed to be ca. 1% and 5%, respectively.
Bleaching
Bleaching experiments were carried out in open 400 m beakers containing stirred suspensions consisting of 2 mass% BE in alkali-refined oil. Each mixture was heated to 105-110 °C and maintained at this temperature interval for 5 min, in accordance with standard AOCS procedures (Chamkasem and Johnson 1988; Noyan et al. 2007 ). The oil was removed by filtration through a Whatman No.41 filter paper. The colour index of the oil in red-yellow units was determined using a Lovibond Automatic Tintometer (Type D) equipped with 2.54 cm cells employing the AOCS Official Method Cc 13e-9z. Two replicate measurements were performed for each BE.
RESULTS AND DISCUSSION
Dependence of bleaching power on H 2 SO 4 content
The decolourizing or bleaching power (BP) of the BEs was calculated via the following equation:
(1) where R 0 and R are the red colour units on the Lovibond scale of the alkali-refined oil before and after bleaching. The BP of each BE was calculated from equation (1) for both SO and CSO. The variations of the BPs of SO and CSO with H 2 SO 4 content are depicted in Figure 1 . It will be seen from the figure that the BP values increased rapidly from 4% to 40% and attained their maximum values when the acid content was increased to 20% H 2 SO 4 . After these maxima had been attained, the BPs started to decrease slowly up to 60% H 2 SO 4 content and then diminished rapidly at 70% H 2 SO 4 content. This showed that the crystal structure of the smectite present as the major clay mineral in the bentonite samples collapsed in strong acidic media. 
Dependence of bleaching power on the surface area
The specific surface area, S (m 2 /g), of each samples was obtained via the standard Brunauer, Emmett and Teller (BET) method, using the adsorption data for N 2 over the relative pressure interval of 0.05-0.30 (Brunauer et al. 1938) . The variation in the BP values towards SO and CSO with specific surface area are depicted in Figure 2 overleaf. The BP curves for the two oils proceed in a parallel fashion and attain their respective maxima at the same value of S, viz. 100 m 2 /g. Surprisingly, the BP maxima do not coincide with the maximum values of the specific surface area, S. However, a suitable correlation between the BP values and S has yet to be found. High specific surface areas mainly originate from the walls of nanopores with radii less than 1 nm into which large organic pigment molecules cannot penetrate. Consequently, BEs with high surface areas do not exhibit high BPs.
Dependence of bleaching power on the nanopore volume
Complete filling of the nanopores in the BEs with liquid nitrogen occurred at a relative equilibrium pressure of 0.96, and the adsorption capacities as estimated from the desorption isotherms were taken as the specific nanopore volumes, V (cm 3 /g), of the BEs (Rouquerol et al. 1999) . Variations in BPs towards the SO and CSO with V are illustrated in Figure 3 . It will be seen from the figure that the BP curves proceeded parallel to each other and attained their maxima at the same value of V of 0.17 cm 3 /g, i.e. at a value which was smaller than the maximum value of 0.30 cm 3 /g. In other words, the value of V had not yet reached its maximum when the BP maxima had been achieved. However, the values of V and BP are not necessarily mutually proportional. It is highly likely that the large-sized molecules present in the coloured organic pigments found in the vegetable oils were incapable of penetrating the smaller nanopores which make a substantial contribution to the V values.
Dependence of bleaching power on the mean nanopore radius
The optimum conditions necessary to achieve the maximum bleaching power were determined as 20% H 2 SO 4 , S = 100 m 2 /g and V = 0.17 cm 3 /g. These results agree with the corresponding values cited in the literature (Taylor et al. 1989; Noyan et al. 2007; Huang et al. 2007 ). It has recently been suggested that the BP must be related to the nanopore size of the BEs (Noyan et al. 2007; Huang et al. 2007) . Assuming that the nanopores in the BEs were cylindrical, the mean values of their corresponding radii (r) were calculated from the following equation (Gregg and Sing 1982) :
(2)
The variation of BP with r is shown in Figure 4 . It will be seen from the figure that BP was a maximum when r ≅ 3.5 nm. This was followed by a rapid decrease in BP when r increased up to ≅ 3.7 nm, followed by smooth decrease over the interval 3.7 < r < 5.3 nm and then a dramatic decrease down to zero at ca. r ≅ 5.5 nm. These changes indicated that the BP depended strongly on the nanopore sizes present in the BE. Consequently, the mean nanopore size in the BE provided an adequate fit to the cross-sectional dimensions of the large organic pigment molecules. For example, the cross-sectional dimensions of the carotene molecule are 0.7 × 3.1 nm for carotene while those of the chlorophyll molecule are 0.7 × 1.5 nm. Such molecules may be aligned co-axially, with their long axis along the channel walls of the smaller nanopores. 
CONCLUSIONS
Several bleaching earths having porous structures capable of removing coloured pigments and other impurities from alkali-refined vegetable oils have been prepared by the acid treatment of bentonites. The nanoporous structure of a bentonite is changed in such acid dissolution reactions and has been found to depend on the acid content employed in its treatment, the contact time and the temperature of the process. The bleaching power of a bleaching earth is strictly related to its nanoporous structure. Nanoporous structures were characterized in terms of their specific surface areas, specific nanopore volumes and mean nanopore sizes. The bleaching power did not attain a maximum value when the specific surface area and the specific nanopore volume attained their maxima. In fact, the bleaching power increased as the mean nanopore size decreased. The results obtained show that the mean nanopore size had a greater impact on the bleaching power than the specific surface area or the specific nanopore volume of a bleaching earth. As a result, it may be stated that in addition to the physicochemical affinity between the surface of a bleaching earth and coloured organic pigment molecules, the compatibility in size between the molecules and the pore radii of the bleaching earth is also important in determining the bleaching power of the latter.
